Introduction
Interleukin-33 (IL-33) is a member of the IL-1 family, which also includes other 11 members such as IL-1α, IL-1β, IL-18, IL-36, IL-37, and IL-38. It is constitutively expressed in the nuclei of endothelial cells, epithelial of barrier tissue, and fibroblast-like cells [1] .
IL-33 acts in several biological processes, for instance, tissue homeostasis, growth, repair, and immune response. At the same time, it plays a role in the pathogenesis of different diseases, among which infections, asthma, allergic rhinitis, cardiovascular diseases, rheumatoid arthritis, inflammatory bowel disease, diabetes, and various cancers. It is involved in skin diseases, including atopic dermatitis, prurigo, chronic urticaria, vitiligo, and psoriasis (Ps) [2] [3] [4] [5] .
IL-33 could have a dual function: acting either extracellularly as a cytokine or intracellularly as a nuclear factor regulating gene expression. It is released as a consequence of cell damage or cellular stress. After its release, it acts as an alarmin activating the cells which play a key role in innateadaptive immunity [6] . It exerts its activity by binding to a receptor complex consisting of its primary receptor, ST2, and IL-1 receptor accessory protein, IL-1RAcP. There are two forms of ST2: a transmembrane one and a secreted soluble form (sST2), which acts as a decoy receptor [7] .
ST2 is expressed by many immune cells involved in type 2 immune response, such as group 2 innate lymphoid cells (ILC2), mast cells, Th2 cells, eosinophils, basophils, and dendritic cells (DC) [8] . After IL-33/ST2 receptor binding, ILC2 are stimulated to produce other several proinflammatory cytokines such as IL-4, IL-5, IL-9, and IL-13. Therefore, ILC2 are also involved in type 2 immune response, parasitic infections, and allergic inflammation, like asthma and atopic dermatitis [9] [10] [11] .
Moreover, in a study analyzing some allergic airway diseases, Vocca et al. demonstrated that the IL-33/ST2 axis is involved not only in the Th2 response but also in the Th17 one [12] . Recent studies, in fact, revealed that IL-33 stimulated type 1 and 17 immunity cells, such as Th1 cells, Th17 cells, CD8 + cells, B cells, NK cells, neutrophils, macrophages, and NKT cells, as well as Treg cells [8, 13] .
Ps is a Th1/Th17 disease, which is defined as chronic skin inflammation, affecting 2-4% of the population. It results from a dysregulated interplay between keratinocytes (KC) and immune cells, inducing a self-perpetuating loop that amplifies the inflammation, leading also to skin hyperproliferation [14] . Additionally, new pieces of evidence pointed out that Ps is a systemic disease, not only a skin disease [15] . Major comorbidities are arthritis psoriasis (PSA), affecting 30% of Ps patients, cardiovascular pathologies, metabolic syndrome, and Crohn's disease [16, 17] .
The pathogenesis of Ps is complex, and many mechanisms are still going to be clarified. For sure, it has genetic [18] , epigenetic [19, 20] , and environmental factors [18] . The crosstalk between immune cells and cytokines has a key role in Ps development. Whereas Ps was initially considered a Th1-mediated disease, a clear role of IL-23/Th17 axis and Th22 cells has been established in recent years. In particular, Th17 is involved in a loop with DC and KC. IL-17, IL-23, and TNFα are secreted by the above-cited T cells which initially underwent differentiation from T cells naïve by interaction with DC, IL-12, and IL-23. Various stimuli could activate DC, for example, by endogenous factors normally sequestered intracellularly in KC [21] .
IL-33 is constitutively expressed in epithelial cells and after cell injury could be released [22] . Therefore, IL-33 could play a major role in Ps, according to other Th1/Th17 diseases.
Consequently, we decided to investigate how IL-33 behaves in the pathogenesis of Ps, to understand how it interplay in the innate-adaptive immune crosstalk, also in the most important comorbidity, PSA. Table 1 resumes the main data obtained from the 19 studies identified, which assessed the association between IL-33 and Ps.
Results
2.1. IL-33, from the Releasing by KC to the Activation of the Immune Response. Two studies reported that IL-33 was expressed in proliferating KC. In particular, Meephansan et al. evidenced that the nuclear staining of IL-33 was observed in the proliferating KC of the spinous layer in a skin biopsy of psoriatic plaques [26] . In a following article by the same authors, they found that IL-33 in normal skin is expressed by the endothelial cells, but in psoriatic skin, it is even present in the nucleus of KC, within the suprabasal layer to the stratum spinosum [29] .
IL-33 could be released by KC, after skin damage, leading to a cascade of cellular events, as suggested by Suttle et al. By inducing a Koebner reaction, the authors showed that IL-33 nuclear expression in the Koebner-positive patients decreased at days 1 and 3. Otherwise, it increased at day 7, even if the increase was not statistically significant [33] .
In a second study, the same authors collected a sequence of skin biopsies at days 0, 1, and 7, after inducing a Koebner reaction in the patients selected for the study. In skin biopsies from Koebner-positive patients, they observed high levels of IL-6, known to be induced by IL-33 in mast cell. In fact, they observed that the number IL-33 + cells increased through the days. But they also evidenced that the number of IL-33 + cells was increased also at 0 days in Koebner-negative patient [27] .
Few studies demonstrated that some cytokines could increase the release of IL-33. In a study on ex vivo fullthickness skin organ cultures and on normal human epidermal sheets, it was demonstrated that the stimulation with TNFα increased the IL-33 mRNA expression in Ps skin compared to untreated skin [31] .
Investigating normal human epidermal keratinocytes (NHEK), Meephansan et al. even showed that TNFα together with INFγ induces the expression of IL-33, which in turn induced the suppression of IL-8 action [26] . In another article, the same authors determined that IL-17A seems to upregulate the IL-33 expression in NHEK culture, probably by induction of ERK, p38/MAPK, and JAK/STAT pathways. They showed also that synergism between IL-17A and TNFα does not induce IL-33 [29] .
Mitsui et al. confirmed the pieces of evidence seen before, namely, serum IL-33 levels correlate with serum TNFα levels and IL-33 leads to NHEK secretion of IL-6 and IL-8. They also found in Ps patient that there was no correlation between IL-33 and IL-6, VEGF and CRP. Finally, they showed that IL-33 was significantly higher in PS patient than those healthy controls and that there was no correlation with PASI score [36] .
On the contrary, Batista et al. found no differences in the production of IL-33 in lesional and unaffected skin biopsies of psoriatic patients [30] . Also, Sehat et al. demonstrated that whereas IL-36 and IL-37 serum levels were higher in PS patients than HC, IL-33 serum levels were equal to those in HC. Moreover, they found that all these cytokine serum levels positively correlate with PASI score [41] .
Once released, IL-33 seems to induce mast cell activation. Suttle et al. evidenced in vitro that at low concentrations of IL-33 could activate mast cells, otherwise at high concentrations reversed the stimulation back [33] .
Hueber et al. demonstrated that mice ST2 -/-exhibited reduced cutaneous inflammation compared to wild-type mice. However, the injection of IL-33 in mouse ears induced skin inflammation: they found that the response was partially induced by mast cells and neutrophils [24] . The evidence that IL-33 enhanced the mast cells and neutrophil recruitment promoting inflammation was confirmed by Balato et al. They found high levels of IL-33 in skin biopsies but not in serum. In addition, they evidenced that TNFα induced the secretion of important mediators of MC recruitment such as IL-6, VEGF, and MCP-1; this effect was reinforced by IL-33 addition in human culture cells. As seen in previous studies, the author showed that TNFα, and not IL-17, induces the secretion of IL-33 from HaCat cells; according to their report, it was present in the nucleus, in the cytoplasm, and in the junctions between KC culture cells [25] .
Furthermore, Theoharides et al. reported that in human mast cell culture, peptide substance P (SP) induces the gene expression and secretion of VEGF. They also showed that coadministration of IL-33 in this culture significantly increased this effect. The analysis of skin biopsies even suggests that the gene expression of IL-33 along with histidine decarboxylase (HDC), an indicator of mast cell presence, is considerably increased in both affected and unaffected psoriasis skin. Moreover, the immunohistochemistry indicates that IL-33 is associated with endothelial cells, but mostly with the immune cells in affected skin [23] .
Lastly, Patruno et al. showed that IL-33 seems to be also an inflammatory pain mediator. They found that its levels in a skin biopsy of Ps patients positively correlates with NRS scale and Pain Qualities Assessment Scale (PQAS) [34] .
IL-33 and PSA.
There are five articles that analyze the role of IL-33 in the development of PSA. One study conducted on arthritis and Ps mouse models demonstrated that IL-33 was expressed in the synovium of arthritic mice, but it was not required for the development of arthritis. Moreover, the authors showed that there was no difference between IL-33 -/-and WT mice in frequencies of Treg, Th1, and Th17 cells in Ps and arthritis models [37] .
A study conducted on human osteoclasts culture showed that IL-33 together with IL-17 increased the gene expression of the proosteoclastogenesis factor (FGF-6, IL-16, and OPN). Moreover, IL-33 also seems to modulate the release of antiosteoclastogenic factor release (FGF-4, IL-4, and FGF-7) and mediators of osteoclast precursor (OCP) homing [39] .
The other studies are conducted on humans. Li et al. found high serum levels of IL-33 in Ps and PSA patients compared to healthy controls. Furthermore, IL-33 showed no correlation with PASI, radiographic damage score, osteoclastogenesis-related cytokines, and PSA joint activity index (PSAJAI) [38] .
Talabot-Ayer et al. assessed IL-33 and its receptor sST2 levels in serum, synovial fluid (SF), and synovium in patients with PSA. IL-33 is not detectable in serum and SF. Instead, there is a strong nuclear expression in endothelial cells of synovium and synovial fibroblast. They also detected high levels of IL-6 in SF, but they do not evidence a correlation between IL-33 and IL-6 levels. They finally compared these levels with those in patients with rheumatoid arthritis, finding higher levels of IL-33 in the serum and SF of PSA [28] .
Shen et al. investigated the association of the IL-33/ST2 axis with comorbidities of patients with PSA, in particular with atherosclerosis and osteoporosis. Plasma sST2 levels resulted to be high in PSA patients, and also, sST2 levels were significantly associated with higher cortical porosity and cortical pore volume. Instead, IL-33, which was detected only in 15% of serum PSA patients, was not associated with these markers of disease [35] .
2.3. Effects of Ps Treatment on IL-33 Levels. Five articles in the review analyzed the effect of therapeutical option for Ps treatment. One study [38] showed no changes in Ps patient serum levels of IL-33 after TNFα inhibitor therapy (TNFαi). Another one demonstrated that UVBnb phototherapy increased IL-33 levels in serum and skin biopsy of Ps patient. However, in the same articles, Meephansan et al. demonstrated that MTX treatment resulted in decreased skin and blood IL-33 levels [40] .
All the others pointed out the reduction of IL-33 levels after anti-TNFα treatment. Balato et al. investigated whether adalimumab downregulates IL-33 mRNA expression in skin biopsies of psoriatic patients. The laboratory analysis revealed that this therapy significantly reduces its expression [31] .
Also, Vageli et al. investigated the efficacy of etanercept and infliximab on the downregulation of proinflammatory molecules, in particular IL-33, TLR-2, and TLR-9. They detected in skin patient biopsies before the treatment elevated levels of these molecules compared to ones after 12 weeks of therapy, which exhibits a significant reduction. Additionally, PASI score exhibited a positive correlation with the before/after treatment mRNA expression ratio of TLR-2 and TLR-9, but there was no correlation between PASI score and IL-33 mRNA expression [32] .
The last article highlighted the reduction of serum IL-33 levels in 10 patients, five Ps, and five PSA, after treatment with adalimumab or infliximab [36] .
Discussion
IL-33 is a cytokine constitutively expressed in endothelial and epithelial cells, which play a role in health and disease. It is involved in many inflammation-related diseases, both Th2 and Th1/Th17 response [1, 42] . In particular, it seems to be involved in the pathogenesis of Ps, which is a Th1/Th17 inflammatory disease.
In fact, the first data pointed out by this review is that IL-33 concentration is always higher in PS patient than HC [23, 24, 26] , [29, 31, 34, 36, 39, 41] . Furthermore, its results are expressed in KC and more specifically within the suprabasal layer to the stratum spinosum [26, 29] : it could be linked to the actively proliferating KC which contributes to epidermal hyperplasia, the main histological characteristic of psoriatic lesions. Instead, there are contrasting data on IL-33 serum levels in Ps patients: in two studies are not detectable, in one are higher than in HC while in another are equal to HC [25, 28, 36, 41] . Maybe the differences could be due to an ELISA kit used and to the severity of disease at the moment of the blood sample, which seems to be different from the analysis of material and methods. However, the majority of results suggest that in Ps there is a localized, not generalized inflammatory pattern.
Usually, endothelial and epithelial cells rapidly released IL-33 after tissue injury: the same mechanism could be involved in the pathogenesis of psoriasis [43] . Suttle et al. demonstrated that psoriatic patients with positive Koebner response showed a decrease in epidermal thickness and a transient reduction in epidermal IL-33 immunostaining after tape-stripping. In addition, their experiments performed on KC showed that IL-33 is activated and released by these cells after the damage [33] . Interestingly, in another study concerning Ps, IL-33 was detected not only in the nucleus and in the cytoplasm but also in the junctions between KC [25] .
Once released in the microenvironment, IL-33 could act as an alarmin, triggering the cells involved both in the innate immune response, such as mast cells and neutrophils, and in the Th1/Th17 response [39] . Indeed, mast cells can activate some cells of the immune system like eosinophils and neutrophils [27, 28] and can attract KC. These cellular interactions are crucial for the development of skin inflammation, such as in the psoriatic lesion. Once mast cells were considered as "allergic cells," mast cells are now known to play an important role in the immunopathological mechanisms of Ps [27, 44] . Since gene expression of IL-33 and of HDC, a marker of the mast cells, is significantly increased in psoriatic patients' skin [24] , it could be supposed that IL-33 is involved in mast cell recruitment. Maybe the released IL-33 could diffuse from epidermis to dermis triggering ST2 + cell, including mast cells. According to this, some studies have demonstrated that IL-33 is a potent activator of mast cells [45, 46] : it induces degranulation and production of various cytokines, including IL-1, IL-6, IL-13, and TNFα [25] . One study showed that there was no correlation between IL-33 and IL-6. This data could be in contrast to the statements above, but the authors of the study associated the discrepancy to a different ELISA kit used [36] .
An interesting data highlighted by this review is that low concentrations of IL-33 could activate mast cells and high ones downregulated these cells, revealing a dual role of IL-33 [33] . This paradoxical phenomenon is an example of a dose-dependent effect that could be observed in many different biological processes.
Therefore, IL-33 resulted to promote the inflammatory response; in fact, IL-33 promotes angiogenesis and in turn stimulates the recruitment of immune cells to the site of inflammation. One study suggested that IL-33 and a neuropeptide, SP, endorse the release of VEGF from mast cells [23] . This data is very relevant because VEGF is implicated in the pathogenesis of Ps and it correlates with Ps clinical severity.
Interestingly, TNFα, INFγ, and IL-17A, which are the main effector of the Th1/Th17 response in psoriasis pathogenesis, also resulted to stimulate the IL-33 release [26, 29, 36] . IL-17A seems to upregulate IL-33 expression in NHEK, maybe by induction of ERK, p38/MAPK, and JAK/STAT pathways [22] . Another study showed that these pathways are also implicated in the activation of mast cells, mediated by IL-33 [47] . These data pointed out one more time that IL-33 is fundamental in the innate-adaptive immune crosstalk.
IL-33 augmented levels were found both in skin lesions, as a consequence of KC release, and in unaffected skin biopsies of psoriatic patients, maybe due to the stimulating role of the involved cytokines, such as IL-17A, IL-22, IL-23, TNFα, and INFγ [30] .
Only one study showed that IL-17 could not induce IL-33 expression: although this data resulted being in contrast with the previous statement, this discrepancy could be explained by the usage of a different cell line (HaCat cells) [25] .
The importance of TNFα, INFγ, and IL-17A is also suggested by the effects of Ps treatment on IL-33 levels. TNFαI, such as adalimumab, etanercept, and infliximab, are a treatment option for the severe form of the psoriatic disease [48] . They downregulate Th17 response, inhibiting TNFα and IL-17, and as a consequence, they may reduce IL-33 levels. In particular, in three papers, IL-33 levels decreased in skin biopsy after TNFαI therapy [31, 32, 36] . Besides, in one study, the levels resulted a decrease after the therapy along with TLR-2 and TLR-9, which are other proinflammatory molecules essential in the innate immune response [32] . This data highlighted another time the proinflammatory function of IL-33. MTX is another treatment option for a moderate to severe form of psoriasis which does not respond to topical therapy. It indirectly suppresses IL-17, TNFα, and INFγ. Patients treated with MTX showed decreased levels of IL-33 [40] . A recent article confirms the efficacy of TNFαI plus MTX in reducing IL-33 levels in psoriatic patients [49] . First of all, they found that IL-33 levels are higher than healthy controls, as seen in the above-mentioned articles. Secondly, the levels decrease after therapy with TNFαI alone or plus MTX. However, they observed that there was no difference in level reduction between monotherapy and combination therapy. This is perhaps observed because both therapies do not target IL-33. They only cause indirect reduction of IL-33 levels acting on various pathways.
UVBnb phototherapy is the only exception in this context. It was speculated that this therapy provoked increased serum and skin IL-33 levels after the treatment. Other studies confirmed this effect of UVBnb to IL-33 levels in normal skin [50, 51] . In these cases, the authors speculated that IL-33 skin increase was not related to psoriasis development.
Additionally, there are new pieces of evidence that IL-33 induces the expression of TGF-1, Foxp3+, and Treg cells. Bruhs et al. speculated that IL-33 was vital for the downregulation of skin inflammation during the induction of contact hypersensitivity (CHS). They also reported that this inhibitory stripping effect could be reverted by an anti-IL-33-antibody treatment. On the other hand, exogenous IL-33 repressed the induction of CHS and stimulated Treg [52] . This once again underlines the pleiotropic role of IL-33 and the central involvement of the immune system in Ps.
Genetic studies discovered that IL-33 leads to the growth of IL-10+ Tregs in the skin during the change from acute to chronic inflammation; this transition could suppress type 1 immunity and stimulate the development of a protumorigenic type 2 skin inflammation [53] . In fact, IL-33+ cells and Tregs are considerably and specifically augmented in precancerous chronic inflammatory diseases of skin and bowel in humans [54] . A recent study reported that the IL-33/Treg axis could also play a pivotal role in skin cancer progress in other cancer-prone inflammatory diseases of the skin. However, it is critical to highlight the polyvalent IL-33 function and its dual effects on carcinogenesis. While some researches demonstrate that IL-33/Treg axis has favouring effects on cancer, IL-33 signaling onto CD8+ T cells and NKs can be antitumorigenic [55] .
This review supports that IL-33 does not only interplay in the development of Ps but also it is involved in the pathogenesis of comorbidities. High levels of IL-33 was found higher in PSA patient than HC [28, 35, 36, 38] . In particular, one study evidenced that IL-33 is detectable in the synovia but not in serum and in synovial fluid [28] , data confirmed also by a second study in which plasma levels are detectable only in 15% PSA patients, maybe because it forms complex with sST2, which is found in high concentration in plasma of PSA patients [35] .
More in detail, IL-33 seems to be involved in bone remodeling, promoting the innate immunity response where it has an important role. In fact, it was demonstrated that IL-33, along with OPN, IL-17, and TNF-α, induced the release of proosteogenic factors from the skin, i.e., RANKL, which induces OCP differentiation from monocytes. The resorptive function was validated also by the result of one study in which sST2 significantly correlated with higher cortical porosity and cortical pore volume in PSA patients, underlying IL33/ST2 axis is linked with osteoporosis in PSA [35] .
Some studies suggested that it has also, in this case, a dual role: it has not only a proosteogenic action but also an anticlastogenic one [39, 56, 57] . The importance of this aspect is confirmed by the radiographical osteoarticular presentation of PSA in which coexist the aspects of appositional and resorptive activity [58] .
In contrast with the statements evidenced in this review, results showed by one study conducted on a mouse model of arthritis and psoriasis showed that IL-33 does not affect Th1, Th17, and Treg response in the pathogenesis of Ps and PSA, suggesting the idea that it is not crucial for chronic inflammation development [37] . However, it was found that mice and humans show strong differences in epidermal expression and regulation of IL-33. This supports the essential concept that mouse models are not always appropriate to clarify IL-33 role in the skin [59] .
The last interesting evidence pointed out by this review is that the IL-33 level seems not being correlated to disease severity score, except in one case [41] : it was not found a correlation between IL-33 and PASI score [27, 32] , PaSAJA and radiographic damage score [38] . This could reflect that IL-33 levels match to an increased systemic inflammatory status. Nevertheless, one study pointed out that IL-33 levels positively correlated with NRS scale and PQAS. Therefore, IL-33 could be also a pain mediator involved in psoriatic nociception [34] . IL-33 was always described as a cytokine that induces Th2 response, as it was suggested by many papers of its involvement in allergic skin disease and atopic dermatitis. However, in this review, IL-33 appears increasingly involved in the pathogenesis of Ps, especially in the crosstalk between innate and adaptive immune response. It seems to behave in a pleiotropic way according to the stimulus applied, sometimes acting in a proinflammatory way, sometimes playing an anti-inflammatory role. It is involved also in the development of Ps comorbidities and in psoriatic nociception (Figure 1 ).
In conclusion, our studies showed that IL-33 is a very complex interleukin because of its multiple roles (Figure 1 ). According to its isoform or its collocation intra-or extracellular, it could facilitate a Th1 or a Th2 response. This balance, pending in a direction or in another could generate a protective or damaging function. As in Ps or cancer-prone cases, this alarmin acts as a detrimental, main, player. For this reason, further studies should focus on all the possible immune activation pathways of IL-33 in order to piece together its pathogenetic role in many chronic inflammatory diseases. Understanding this complex cytokine, its processing, secretion, regulation, and function could be the core of the future research in the field of Ps, in order also to find a new therapeutic approach. There are promising results about anti-IL-33 antibody efficacy in inflammatory diseases. ST2 and IL-33 blocking antibodies showed to be effective in asthma and atopic dermatitis [43, 60] . Furthermore, some studies have reported that these antibodies had an analgesic role, as in arthritis pain [61] . However, experimental evidences in PS are currently lacking.
Materials and Methods
This literature review was conducted employing PubMed database. On this website, we searched for articles from inception to November 24, 2018 using key terms related to Ps, "psoriasis", and to IL-33, "interleukin 33" and "IL-33".
We read the abstracts of those articles which titles suggested they analyzed the association between IL-33 and psoriasis. The entire article was read only if the abstract indicated that the article potentially met the inclusion criteria. Finally, we reviewed and searched the references of these articles in order to identify further studies which could be included. The inclusion criteria were English language and research papers. Articles were excluded by title, abstract, and full text for irrelevance to the topic in question.
Data obtained from the articles included study author name, publication date, group studied, clinical and biological variables, laboratory tests, and outcome of interest of the study.
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